Calibration is the most critical phase in any water quality modelling process. This study proposes a sequential calibration methodology for any water quality model using reach-specific estimates of model parameters, which would aid in the improved prediction of river water quality characteristics.
INTRODUCTION
Recent decades have witnessed a vast increase in the literature on water quality modelling softwares and applications thereof, all over the world. This can be attributed to the improved awareness about the dwindling water resources and over-exploitation of river reaches, which in turn is due to the steep rise in demand and augmented pollution levels arising from the rapid increase in population. These issues have led to the development, modification and review of various river water quality models (Brown & Barn- However, most of the time, because of data unavailability and system constraints, these model parameters may not be directly relatable to any physical system components or may not be even measurable physically. Since the availability of physical data of any river system is constrained in water quality modelling studies, the calibration procedure has been given importance (Wood et al. ; Janssen & until the best fit is obtained. While this approach is quick and effective for small parameter sets, the method becomes cumbersome, sluggish and computationally demanding for relatively large parameter sets (Janssen & Heuberger ) .
Moreover, this calibration approach has a high risk of missing the global optima (Liu et al. ) . In order to overcome the drawbacks of the trial-and-error calibration approach, various automated calibration techniques have been proposed, for example, sequential extended Kalman filters GA is powerful optimization technique based on the concepts of natural selection and genetics, and has outperformed traditional optimization approaches in many applications (Goldberg ; Mulligan & Brown ; Ng & Perera ). Mulligan & Brown () revealed that GA is able to accurately determine model parameter sets in different scenarios, although it possesses greater computational demands than the traditional approaches. GA provides additional information about the search space, unlike traditional approaches. Efficient application of GA requires proper selection of GA operators, which are essentially the components that make up the overall GA process (Ng & Perera ) . However, modern GA approaches can be used as black-boxes and are very easy for application (Pelletier et al. ) .
Although advanced auto-calibration techniques based on different high-level optimization algorithms are available, there is always room for simpler methods, if they are shown to be fit for the purpose. Therefore, in this study we have focused on a simple and systematic method of sequential calibration of a water quality model using distinct model parameter estimates. Sequential calibration means calibration of the segments of river one-by-one. Segmentation of river reaches is done by identifying the length of river stretches with similar hydraulic characteristics. A segment of river with constant hydraulic characteristics is termed as a reach. Sequential calibration is applied in our study by first calibrating the first reach, and using the model parameters of the first reach to calibrate the second reach, and the process is repeated until the entire river stretch is calibrated. The advantage of this systematic method of calibration is that it conserves the heterogeneity of river stretches by giving them an opportunity to adopt different 
METHODOLOGY
The water quality modelling tool QUAL2K was selected for application in this study. QUAL2K is a one-dimensional river water quality model in which river stretch is divided into a series of smaller reaches which are further subdivided into smaller computational elements for internal analysis 
River segmentation
The 21.9 km Delhi stretch of the Yamuna River was divided into 16 reaches considering the diverse hydraulic characteristics and locations of pollution sources ( Figure 3 ). These reaches are of varying lengths and varying hydraulic characteristics. However, within each reach, the hydraulic and biochemical characteristics were assumed to be constant.
Initialization of QUAL2K
The QUAL2K model was initialized with river hydraulic characteristics, meteorological characteristics, flow and water quality characteristics of March-June 2002. Headwater boundary conditions were incorporated in terms of flow and pollution load specifications of river flow entering at the upstream of Wazirabad barrage. Also, the flow and pollution load specifications of drains, which describe the energy and mass transfer within the river reach, were input to the model.
Selection of model parameters
The choice of model parameters in a water quality modelling approach lies in the underlying assumption of the hydrological and biochemical processes considered for simulation. For example, for simulation of DO and BOD levels in rivers, kinetic interactions among various sources and internal sinks of DO and organic matter in the river play a pivotal role (Thomann & Mueller ; Chapra et al. ) . Therefore, DO and BOD levels would depend on re-aeration rate, BOD decay rate, benthic oxygen demand, nitrification rate, phytoplankton respiration and growth rate, benthic algal growth and respiration rate and zooplankton respiration rate, BOD settling and decay rate, zooplankton death and excretion rates, phytoplankton death rate and benthic algal death rate. Depending on regional conditions, some of the above-mentioned parameters might have negligible roles. Therefore, information on regional conditions is required for the selection of significant parameters.
For the Yamuna stretch, preliminary information about model parameters was obtained from previous studies on this region. A review of these studies (Table 1) suggests that some parameters play negligible roles in DO and BOD simulations of the river stretch considered. Oxygen re-aeration rate, BOD hydrolysis rate and BOD oxidation rate are found to be significant parameters over the study region and, therefore, considered for calibration in this study.
Specification of range of model parameters
Once the significant model parameters were selected, the next step was to specify the range of values for each parameter. Direct empirical equations were available for some parameters; however, they are highly biased towards the ambient conditions in which these equations are derived () for obtaining ranges of model parameters. Oxygen re-aeration rate (day À1 ) of any river was found to vary between 0 and 100. However, in order to shorten the range specific to the study area, various equations from the relevant literature (shown in Table 2 ) were also ) were found to lie between 0.04 and 4.2.
Model calibration
A sequential calibration approach was adopted in which 16 reaches were calibrated one at a time, until the entire stretch was calibrated (as shown in Figure 4 ). Steps involved in the sequential calibration approach were as follows.
Step 1: Calibration of the first reach 
This corresponds to optimization based on a grid search since OF r1 is maximized on different values of model parameters generated at specific grids. This is a simple approach and is only really feasible for fast models with few parameters (and not too fine a discretization). Step 2
Once the first reach was calibrated, the second reach (r 2 ) along with the first reach (with fixed parameter values) was considered. Steps (a), (b), (c) and (d) were repeated considering the two segments together. The optimization function (OF r 2 ) was modified as:
Step 3
The steps were repeated by adding the other segments oneby-one, until all the 16 segments were calibrated sequentially. The optimization function (OF r i ) for the i th reach, in general, is:
The calibration of the whole stretch was thus accomplished, ensuring the heterogeneity of each stretch. For calibration, the average conditions of March-June 2002 were used.
Model validation
The QUAL2K model was validated for average conditions of 
RESULTS
The proposed sequential calibration technique was implemented for modelling the water quality of a stretch of the Yamuna River.
Calibration of QUAL2K model
Model parameters obtained after the calibration of all 16 reaches of the study stretch are shown in Table 4 . Performance measures estimated during the calibration period using the best model parameter combination for the entire river stretch are shown in Table 5 . Oxygen re-aeration rate (day BOD hydrolysis rate (day À1 ) was found to be 0.6 for most of the stretches. However, a maximum value of 3.6
and a minimum value of 0.2 were observed for some The model performance measures (Table 5 ) also indicate a good fit in DO and BOD simulations. It is observed that due to huge load discharge from the Najafgarh drain into the Yamuna River, DO concentration drops drastically from 5.5 mg L À1 to 0 mg L À1 in the upstream stretches.
Reduction in BOD load for the latter part of the river segment results in lesser consumption of oxygen for pollutants' decomposition. Also, higher re-aeration rates in 
Validation of QUAL2K model
The calibrated model wass then validated using the data for Table 5 ). The validation results indicate that the calibrated model is able to effectively simulate the system characteristics, along with its heterogeneity.
Comparison of simulated DO and BOD values with previous studies
The simulated DO and BOD profile The effects of other parameters such as nitrification rate, phytoplankton respiration and growth rate, benthic algal growth and respiration rate, zooplankton respiration rate, zooplankton death and excretion rate, phytoplankton death rate and benthic algal death rate were not considered for DO and BOD simulation, because they were found to have a negligible role in the present study region. However, over other regions, these parameters may be incorporated in modelling DO and BOD for obtaining improved water quality estimates. A sensitivity analysis of model parameters can be adopted to choose the major parameters affecting the DO and BOD simulations. The consideration of other model parameters while modelling river water quality can be considered in future works. In addition, there is also the need to address the issue of identifiability or uncertainty of model parameters in the calibration framework.
The present calibration approach is data-intensive and needs water quality data downstream of each river reach, in order to calibrate it specifically. The approach also assumes the data to be error-free for every reach and selected parameters only play a significant role in DO and BOD simulation process over the study stretch. The range of selected model parameters derived in the present study are specific to study region and their upper or lower bound may vary for other regions. In the present study, weighted average optimization function was adopted, in which some of its component objectives fit better than others. Further investigation of trade-off between component objectives can be carried out in future works.
Nevertheless, the proposed approach is generic and can be implemented to calibrate water quality models of any river stretch for any number of model parameters. The approach presented here can also be used for simulating other water quality characteristics as well. The step-wise framework of the proposed approach helps in setting up the structure and considering the heterogeneity of reaches.
The proposed approach substantially improves the efficiency of the water quality model by closely replicating the physical system, which in turn aids in the efficient management of water resources and in deriving reliable treatment policies for any river stretch.
